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Thermal hysteresis in the normal-state magnetization of La_, Sr,CuQO,
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We have performed magnetization measurements gn,lSx CuQ, . A hysteresis in the temperature depen-
dence of low field magnetization is observed well above the superconducting transition temperature. The
behavior of the hysteresis resembles fundamental properties of the superconducting state and is discussed in
terms of superconducting correlations.
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Raising the superconducting transition temperaturg ( sample cooled to 5 K. The desired field was appltéd
has been a major scientific challenge since the discovery ofH,, whereH, is the applied magnetic field at which flux
superconductivity in Hg T.=4.2 K). High-temperature su- penetrates for the first time upon increasing the magnetic
perconductivity(HTS) in copper oxide superconductors with field, and the sample warmed slowly to room temperature
T.=30K raised hopes that this class of oxides may be th@nd to 320 K for La ¢St :CuQ, [zero-field cooledZFC)].
key to materializing yet another revolution in sciefidéow- ~ The sample was then cooled backg K in thepresence of
ever, the highesT, at ambient pressure achieved to date isthe applied fieldfield cooled(FC)] and at the same tempera-

135 K2 On the other hand, recent magneto-thermal transpofi/ré rate. The temperature sweeps were performed at 1

experiments on La ,Sr,CuQ, suggested onset temperatures]t_(/m":jto 3ssu(;$rther:nﬁl etqumbrlgm. Tlhe resgltg vglere gon-
of vortex excitations well abov&., namely, at 130 K for a irmed under different heating and cooling rafésb, 2, an

HTS family with maximumT =39 K.3* Similar results on 4 K/min). The background due to the sample holder was
other HTS indicate the generic behavior of this effect subtracted for each run. Many of these early_ resglts were
; . X : confirmed by later measurements, reported in this paper,

Here, using straightforward magnetic measurements o

find evid for th fh here no extra material was added to hold the sample, and
La,_SKCuO, we find evidence for the presence of hyster- 5,5, g discontinuity in the sample holder was present apart

esis in the temperature dependence of low field magnetizgzom the sample. It is the discontinuity which is responsible
tion up to 290 K. The temperature, field, and crystallographiGy, the SQUID signal and, therefore, in the experimental
(ab plane and: axis) dependences of the onset and strengthconfiguration with no discontinuity in the sample holder the
of the hysteresis resemble fundamental properties of the syneasured signal reflects purely the sample’s magnetization.
perconducting state. Our results suggest a connection b&o ensure the intrinsic nature of the findings measurements
tween the observed hysteresis and superconducting correlaere performed on several samples prepared in different
tions. laboratories.

The materials studied were a,Sr,CuQ, with x=0.03, In Fig. 1 we present typicall- T data for superconducting
0.06, 0.07, 0.08, 0.10, 0.11, 0.125, 0.135, 0.17, 0.20, 0.23,a,_,Sr,CuQ, (LSCO samples withx=0.06, 0.07, 0.10,
and 0.24(among these the=0.03 samples were both poly- 0.135, 0.22, and 0.24 measuredtat=100 G. The normal
crystals and single crystals, the=0.11 only single crystals, state susceptibility is seen to follow the known doping
and all others polycrystallineThe Lg_,Sr,CuQ, powders dependence However, for 0.06<x<0.24 a small hysteresis
and single crystals were prepared using solid-state reactiofievelops at temperaturds, indicated by arrows in the fig-
procedures and the traveling solvent floating-zone techniqueire, several times the bulk superconducting transition tem-
respectively. No traces of impurities were detected fromperatureT, (values ofT, are shown in Fig. § and at room
spectroscopic and chemical analyses. Scanning electron ntemperature fox=0.10. We also notice a small but smooth
croscopy showed that the grains in the polycrystallineincrease in the hysteresis width Bgis approached, indicat-
samples were approximately spherical with average grain ding a connection to the mixed stafsee, e.g., plots fok
ameter~7 um. The dimensions of the=0.03 crystal were  =0.07, 0.10, and 0.32Note that for clarity we only show
5x2.5x 1.5 mn? whereas the=0.11 was a cylinder with 5 data from just abov@. Data atT> T, displayed no hyster-
mm diameter and 2 mm thickness. Magnetizatidh) (mea-  esis at the level shown for=0.24 in Fig. 1. Although our
surements were performed as a function of temperafliye ( sample quality tests indicate all samples measured are pure
and field H) using a quantum desigiMPMS-XL) super-  and of the highest quality we are unable to confirm that the
conducting quantum interference devi@QUID) at a 3-cm  results shown in Fig. 1 unambiguously reflect quantitatively
scan length. Results were also checked using 6-cm scam ideal impurity/disorder free HTS. However, based(ion
length. Where sensitivity was allowed, some of the result$ur sample characterization procedurés), the agreement
were confirmed using an earlier model of this instrumenthbetween results obtained on samples prepared by different
(MPMS). In a typicalM-T run we first zero field the magnet groups and in different laboratories, afid) the data sets
(this procedure leaves a trapped fietdd+=1.5G) and the discussed below, we are confident that the overall trend re-
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FIG. 1. Plots of zero-field-cooleZFC) and field-cooled FC) =) r
magnetization in polycrystalline La,Sr,CuQ, at different values g L ]
of x measured atHH=100 G. The panel fox=0.10 includes an @ -
M-T cycle (closed circlesonly up to 200 K(see text for details 0 1 6-
Solid arrows indicate the onset temperature of the hysteflesis o o ]
The lower curves in the hystereses are always the ZFC sweep. ‘E’ i ]
ported here is at least qualitatively representative of this 1 4f , , , | , ,
high-T. cuprate. 50 70 90 110
To examine further the behavior of the hysteresis and T (K)

T, we have performed measurements on single crystals

(x=0.11). In Fig. 2a) we show data forH(llab)
=5G (<H,=20 G, measured foH|lab at T=5 K). Here
we expect no vortices to penetrate the samplé=ab K, the
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FIG. 2. Magnetization as a function of temperature(atH
=5G and(b) H=20 G for a Lg_,Sr,CuQ, (x=0.11) single crys-
tal with Hllab.

FIG. 3. Magnetization as a function of temperature Hat
=100 G for a La_,Sr,CuQ, (x=0.11) single crystal fota) Hilab
and(b) Hllc.

temperature the ZFC measurement commences. We do, how-
ever, anticipate flux penetration as the temperature is raised
andH exceedsH (T), in which case vortices will be only
weakly trapped. Figure(2) indicates the presence of a tiny
thermal hysteresis abovi, with Te=50 K and a hysteresis
width AM/H=4x101° emu/G afT=40 K. In Fig. 2b) we
present results fdr (Ilab) =20 G which is nearei ;. In this

case T¢=90K, and e.g, AM/H=1x10% and 2

X 10" ° emu/G atT=40 and 60 K, respectively.

Increasing the applied field td (llab) =100 G we obtain
T=200K andAM/H=1.3x10 & and 4x10 ° emu/G at
T=40 and 60 K, respectivelyFig. 3@]. At significantly
higher applied fieldsAM/H and T, drop again(Fig. 4). The
inset in the lower panel of Fig.(d) shows a similar field
dependence foAM and T for polycrystalline LSCO X
=0.10).

Measurements foklic atH=100 G (>H,=35 G, mea-
sured forH|lc at T=5 K) indicate an anisotropic behavior of
the hysteresi§Fig. 3(b)]. Figures 3 and 4 show that for
Hllab, AM is wider andTy is higher and is suppressed more
slowly by field. The above tests indicate the presence of an
anisotropy inAM and T (Fig. 3) and that a well-defined
hysteresis and high values ©f are observed only whe is
applied well aboveH , and atT<T, (Figs. 2 and R On the
other handH>H, leads to a gradual suppressionTafand
AM/H (Fig. 4).
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FIG. 6. Magnetization as a function of temperature Hat
FIG. 4. The upper panel shows the field dependence of the hys= 100 G for a La_,SrCu0O, (x=0.11) single crystal wittHllab

teresis widthAM/H for the single crystal for the two field orienta- (circleg [the same data as shown in Figad and withH approxi-
tions determined af =60 K. In the lower panel is a plot ofs  mately 3° off theab plane of the crystalbroken ling. The data for
again for the two field orientations. Closed and open symbols repme off-plane measurementisroken ling have been shifted down-
resentHllab and Hlic, respectively. The inset in the lower panel \yards by 5<10°7 emulg for clarity. Pane{a) shows data nearer
showsT; andAM/H (determined a =70 K) for a polycrystalline  7_ whereas(b) nearT,. Note the small but distinct decrease in
sample withx=0.10. AM and the accompanied drop T (b) (indicated by arrows

In Fig. 5 we show the hysteresis fblilab but nearefT, _ .
indicating an increase in the width with approaching thebeIOW ar.1d abovérc., bearing in mind that the cause for a
mixed state, in agreement with the polycrystalline samples iﬁpystere.&s below; is the presence of pinned superconduct-
Fig. 1. Similar behavior is reported below for other materialsid Vortices. o
[Fig. 8b)]. The smooth evolution of the hysteresis may be The sensitivity ofTg andAM on the crystallographic ori-

taken as suggestive of a common cause for the hysteresggtation can be seen also in Fig. 6, where we compare data
for Hllab [same data as shown in Fig(aB] with results

obtained by remeasuring the sample wihapproximately
3° off theab plane of the crystal. The results obtained with
the applied field~3° off plane are shown as broken lines.
Figure Ga) presents the data nedg, whereas Fig. ®) near
T,. We observe a small but distinct decreasé\id and as
shown in Fig. @b) this is accompanied by a drop if.
(Note that the data for the off-plane measurements have been
shifted downward by %10’ emu/g for clarity) These re-
sults indicate the gradual decrease of the hysteresid as
deviates from the Cufplanes. Notably, this trend is similar
to that of the irreversibility fieldH,, in the mixed staté.
Although the thermal hystereses we observe survive well
aboveT,, it is useful to mention a few similarities with
T (K) properties occurring in the mixed state of these materials.
The field orientation Klllab) for which T4 is higher and
FIG. 5. A zoom-in plot neall . of the magnetization as a func- Stronger againdtl is the orientation for which vortex pinning
tion of temperature aH=100 G for a La_,Sr,Cu0, (x=0.11)  below T is strongest due to intrinsic pinnifigAlso, T¢(H)
single crystal forHllab. resembles the field dependence of the irreversibility tempera-

55
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FIG. 7. Magnetization as a function of temperature for bulk Nb : x=0.03 (polycrystal)
and Ph(inse). Measurements were performed at the fields indicated 3.9 ——100G
in the figure. : - ——300G 13
- 5 —=—1500G

ture Ty, .>® The orientation dependence of the width and the
onset of the thermal hysteresis are also in broad agreement
with the width and the onset of the magnetic hysteresis in
M-H measurements we performed in the mixed state. For
example, for thex=0.11 single crystals and dt=22 K we S s
obtainH;,=4.5 and 0.3 T foHllab andHlic, respectively. : == S
These trends agree with the HTS literature, where the maxi- 2.6t
mum in the critical current density, and irreversibility field 20 60 T (K) 100
and temperature wherllab, is attributed to intrinsic

pinning®~" Of course the concept of pinned vortices surviv- gy, g, (a) Plots of the anisotropic magnetization as a function
ing to very high temperatures, and in particulafat T, i of temperature for a La ,Sr,Cu0, (x=0.03) single crystal mea-
by no means conventional. However, it is worth mentioningsured at4 =100 G. (b) The susceptibility for ax=0.03 polycrys-
that crystals of YBaCusO;_ 5 with T,=90.4 K exhibit in-  talline sample with filamentary superconductivity showing the
trinsic pinning even al =89.8 K, indicating the latter is not gradual suppression of the hysteresis as superconductivity felow
a phenomenon restricted to very low temperatdres. is suppressed at the same time. The lower curves in the hystereses

The hystereses reported in this work are small. Howeverre the ZFC sweeps.
they are at least an order of magnitude larger than the level
of the experimental noise. Furthermore, we would like todence and magnitude d¥l/H are in agreement with the
emphasize that we never failed to reproduce the results olliterature®) The M-T data shown here for Nb were taken for
tained, for any of the samples studied, once critical paramH=400 G (H,=30 G) and for Pb ati=10 G. We have also
eters, such as the heating/cooling rate, the magnitude of aghecked for possible hysteresis using other fields. Again, we
plied field, and the temperature the field was switched on fofound no hysteresis for similar measurements Kb+ 50,
the ZFC run, were optimized. 100, 800, and 2500 G for Nb aridi=30 G for Pb, confirm-

It is unlikely our observations are due to extrinsic magne-ing that there is no thermal hysteresis in the normal state
tism. For the single crystal, for example, the virgin curve inmagnetization of these two superconductors.
M-H measurements withillc, at, e.g.,T=50 K, measured We also note the agreement of our LSCO data with local
by cooling the sampleot5 K and then warming to 50 K in  magnetic imagingscanning SQUID microscopyn under-
zero field, was linear in field, exhibited no residual magneti-doped LSCO thin fiims T.= 18 K), where the experimental
zation and no detectable hysteresis was obseiWgd.note, resolution allowed the observation of local diamagnetic re-
however, that unlike other dopings the=80.10 sample, gions persisting up to 80 K Based on the experimental
which exhibits the largest hysteresis width ahd did dis- trends, the resemblance of the hysteresis in the normal state
play signatures for the possible presence of weak ferromagrith that belowT, is interesting and the connection to su-
netic behavioy. We have checked for possible surface, andperconductivity and the possible presence of persistent inter-
bulk homogeneity across the sample, dependence of our datal screening currents and perhaps even pinned vortices at
by cutting a smaller piece of the crystal and polishing it. Thethese high temperatures appealing. It is therefore instructive
results for the two field orientations were in excellent agreeto perform further tests.
ment with the data for the uncut sample. Furthermore, as Figure 8a) showsM-T data taken for a nonsuperconduct-
shown in Fig. 7, similar measurements on bulk Nb and Pbng LSCO (x=0.03;T.=0) single crystal at 100 G fddllab
samples exhibited no hysteresi§he temperature depen- andHillc. There is a hysteresis ¥ -T for Hlic, as expected
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300

. to distinct energy scales with the Nernst effect requiring mo-
bile rather than pinned vortices.
] We would like to draw the attention on how wélk(x)
tracksT.(x) with changes in the former being sharper. Fur-
thermore, the higher th€,(x) the larger the maximum M
for a given sampldsee, for example, Fig.)land the field
required to suppress them. From Fig. 9 we identify another
useful result. The suppression of superconductivity in the 1/8
region(plateau inT.), believed to be related to the presence
] of stripeg?~%is now seen more clearly in the doping depen-
dence of Ts. We also notice that fox>0.125, T never
‘ ‘ ‘ s recovers to high values. In fact, measurements of the abso-
0 005 01 015 02 025 lute value of the superfluid denstfyp(0), in thesame sys-
hole concentration (x) tem showed a dip at 1/8 withs(0) never recovering to the
extrapolated value at higher dopings, as expected by the Ue-
FIG. 9. The doping dependence of the superconducting transimyra relatior[ps(O)~TC],16just like Ts. These results add
tion temperaturdl; (circles, the maximum onset of the hysteresis f,rther credence to the relation ot to superconductivity.
Ts (closed squargsand the onset temperatifgens (triangles of g0 res 1 and 9 shoW,=T, at x=0.24. We do not un-
vortexlike excitations determined from Nernst effect studies W|thd d WhvT.=T. at thSiS SC ecific dopina: however. we
Hilc (Refs. 3 and %#for La,_,Sr,CuQ,. For x=0.11, T values erstand whyTs=Te . P ping; o '
shown as closed and open squares areéHfitab andHllc, respec- speculate that 320'2_4 e'the_r increased sc‘f;lt_terlng has Sup-
tively. The error in the values of, whenT,>T.>0, is +10 K. pressed the hysteresis or it is an effect arising from drastic
changes occurring at the Fermi surface of LS€énd the
from intrinsic weak ferromagnetism at this doping contentrapid depletion ofp,(0) at x>0.248 Although there is no
and field orientation in LSC&: However, there is no com- published report on Nernst effect studies for0.24 our
parable hysteresis foHllab: the field orientation, the work has motivated the Princeton grddpo perform Nernst
strength, and the magnitude of the hysteresis @ncare  measurements on single crystals. In agreement to our hyster-
maximum for the superconducting crystai{0.11) (Figs. 3 esis work they findTl ye;ne=0 for x>0.24%°
and 6. We notice, however, the presence of a very weak |t js unlikely internal short-range magnetism is respon-
hysteresis foHllab below 25 K, indicating the onset of the gjple for T,. Systematic studies have shown a spin glass
observed thermal hysteresis in the susceptibility is not abru%gime, and associated high-temperature spin fluctuations, in
gtx>0.05 where bulk supe_rconduqtivity sets in. To test the, sco and other HTS to develop gradually fer0.1915
irrelevance of the r_lystere5|s seen in #e0.03 crystal for unlike the doping dependence . We can also rule out the
Hilc to th.os.e seen in superconducting sampl_es, we have PEossible effect of impurities and defects, which might have
fo_rmed similar measurements on poncry_staIIme LSCO. agally o he undetected. If these exist they must be present in all the
with x=0.03, but with excess oxygen incorporated in thematerials we have investigated and satisfy the obselved
lattice allowing presence of filamentary superconductivity. .
We find that when filamentary superconductivity is present a '’ x, and cryst.allograpmc dependenges, as well as .the re-
ported connection to superconductivity and correlation to

hysteresis is observed W vs T below T,=110 K [Fig. .
8(b)]. Partial suppression of filamentary superconductivityOther studies. We have also tested our results for age effects

usingH =300 G yields a suppression in the hysteresis, whicH?Y measuring all samples more than once over a period of 12
collapses fully at higher fields where superconductivity ismonths and found no change. Therefore, on the basis of the
also fully suppressed. These results indicate the presence §Sts we have performed and the different sources, crystallin-
superconductivity is essential for the existence of a hysteresiy, and preparation conditions of the series of samples inves-
aboveT,. tigated, we believe our results are not due to an extrinsic
In Fig. 9 we summarize the doping dependenc@ofor ~ cause which has gone undetected. We are confident that the
LSCO. Let us note that by considering the experimentaphase diagram shown in Fig. 9 is at least qualitatively repre-
noise, as well as the slight variation in tfig values we sentative of LSCO.
obtained from measurements performed on different samples We appreciate that discussing these high temperature ef-
but for the same Sr concentration, the errof iris estimated  fects in terms of vortices is unorthodox. In particular, if su-
to be +10 K. Comparison with the onset temperatlifg,,; Perconducting fluctuations survive up to high temperatures
(measured withHlic) of the vortexlike signdl* indicates we would expect the effect to be stronger fdilc. This
correlation between the two energy scales reinforcing th@uzzle has driven us in performing the series of tests we
superconducting nature of the hysteresis. We also note theport. It is due to these tests and the observed effects, which
excellent agreement betweélfy.,s and T; nearx=0.11  are so robust and closely linked to the creation of vortices at
(Hlic). Here we should also mention that although the agreeT <T,, that we find it difficult to ignore the tendency of a
ment between the two techniques is very good, the two methpossible connection between the hystereses, vortices, and su-
ods should be viewed at best as complementary, since thgerconductivity. Furthermore, magnetization is a bulk mea-
experimental configuration is different and they are sensitivesurement with the measured signal reflecting the sample it-
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self, and the data analysis straightforward and particularlyanother but then again it may be associated with some other
sensitive and instructive to magnetism and superconductivforms of incipient or actual order. In fact, its close relation to
ity. superconductivity, its peak just below and the sudden drop at
Of course, if there is superconductivity presenfTat T,  X=1/8 and the abrupt disappearancexat0.24 where it is
we may ask why we do not observe a diamagnetic signal ifelieved the pseudogap temperatlife~T., suggests that
our uniform magnetic susceptibility. Again if we adopt a vor- Stripes may be involved in some wel’® The hysteresis
tex scenario this, as well as the absence of zero or significould also be associated with some form of orbital ordering
cantly reduced resistivity, may be understood in terms of thévhich has so far gone undetected. Another possibility, sup-
very small number of excess vortices relative to antivorticesPOrt€d by the results in Fig. 8, is the presence of internal
embedded into the bulk paramagnetic background. For exdUPerconducting filaments aboVe. Indeed the data may be
ample, forx=0.10 where the effect is strongest, and for Ntérpreted using various scenarios. o
which a small drop in resistivity is actually seen at these high C€rtainly more stringent tests are necessary to distinguish
temperatures and sometimes attributed to precursd e contrlb_utlo_ns_, if more than one, governing 'Fhe d_ata. If our
superconductivity® we estimate only~10* flux quanta at m'aerpretatl_on is mcorregt then Fig. 9, at least, is eV|d.ence for
100 K in 24 mn3. Therefore, for a giverH>H,, only a a magnetic cIoudhaqgmg over and cIoseg res;emblmg the
very small number of pinned vortices may survive uprtg h'gh'Tc superconducting dome afemswith Ts=T. when
leading to a reduction in the magnitude of the paramagnetid = Tc- We believe these observations, emerging from our
signal (ZFC sweep The FC curve, starting fronT>Ty, expgrlm.ental results, are remarkable and deserve further in-
reflects the fully paramagnetic response of the sample, i.e., ifestigation. .
the absence of pinned vortices. To test this scenario we kept [N Summary, we have observed thermal hysteresis in the
the field on after a FC run and warmed the sample to 300 ¥1ormal state magnetization of LSCO, which at least on the
again. We obtained a curve identical to that of the previoud@sis Of the experimental protocols employed in the present
FC run. Cooling back again with the field on tracked the pcstudy, seems to be related to superconductivity. In the case of
curve once again. Further support comes frohaT cycles x=0.10 the hysteresis extends to room temperature. We

up toT<Ts. A typical set of data measured again at 100 gmade an attempt at interpreti.ng our data in terms of super-
is shown forx=0.10 in Fig. 1. In this case the FC curve is conducting correlations, possibly in the form of pinned vor-

lower than that obtained when the ZFC sweep crosged tices, although as discussed before other interpretations, e.g.,
(same panel in Fig. 1 but open circle$his difference may stripe physics, superconducting f'.la.mems may be_ possible.
be understood if less field is trapped in the sample when wi _ISO’_ we cannot rule out the pos_S|b|I|ty that there_ IS a com-
warm to T<Tg. Similar behavior is seen in experiments ination of more_than one physical reason causing the ob-
conducted on the same sample, as well as the single crystﬁ?rved effects. Elthe_r way, our tes}s indicate the resu_lts can-
(x=0.11), but in the superconducting state Wik T cycles not be due 1o extrinsic magnetism present iny in-our
up to T<',I'- This is a well-known behavior in HTS and samples and that the hysteresis is likely to be linked to su-
r =

points towards a similarity in the behavior of the hysteresispercondUCt'V'ty'. They raise new fundamental questions on
below and abovd our understanding of the link between superconductivity and
c-

Based on the common effects we have observed amon ormal state magnetism in high temperature superconductors

various materials, the dependence of the thermal hysteres d t.he exciting possibility of the presence of superconduct-
on superconductivity, the similarity between the crystaIIo—Ing S|gnqture§ even a.t room'temp'erature. We hope our yvork
graphic orientation dependence &M and T, and mixed has provided information which will motivate further studies

state properties, and the resemblance betWieemd Ty, in the search for the presence of superconducting signatures

we are inclined to believe we have observed an effect Iinkeéfve” aboveT, and a revised HTS phase diagram linking

to some form of superconducting correlations. To account fmsuperconductlwty, magnetism, and hole concentrations in a

the thermal hysteresis we have proposed the presence of zgjlﬁoev:/?]nt way and to higher temperatures than presently

perheated pinned vortices at these high temperatures, i.e.

vortices which survive aff>T_ only when pinned afT C.P. thanks A. Castro-Neto, N. Goldenfeld, S.A. Kivelson,
<T., in which case pinning energy may be large even in thel.W. Loram, N.P. Ong, Y. Wang, and T. Xiang for discussions
absence of bulk superconductivity. and The Royal Society for financial support. We are indebted

Unusual as our “vortex” interpretation of the results may to J.R. Cooper and T. Sasagawa for allowing us to perform
be, our observations are remarkably systematic which at leasteasurements on their samples to test our results and for
allow us to unambiguously extract a characteristic energyelpful communications. M.M. acknowledges the AFRL/
scale,T;. As discussed above, we believe this is probablyPRPS Wright-Patterson Air Force Base, Ohio, for financial
associated with superconducting correlations of one form osupport.
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